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Recent studies suggest that tissue-specific stem cells possess much wider potential for differentiation than previously
thought and can, in some instances, even cross germ layer boundaries. However, information is lacking regarding the
efficiency and the fidelity of their differentiation along heterologous lineages. To address these issues of transdifferentiation,
we have analyzed the heterologous potential of stem cells within the same germ layer. We report the neural potential of cells
isolated from the limbal epithelium of the adult cornea. Limbal epithelium, which, like the neuroepithelium, is
ectodermally derived, participates in the regeneration of cornea throughout life. We have observed that limbal epithelial
cells, when removed from their niche and cultured in the presence of mitogens, begin to express neural progenitor markers.
Based on the self-renewal property, it is likely that the nestin-positive progenitors are derived from limbal stem cells rather
than transit-amplifying (TA) cells that have limited proliferating potential. In differentiation conditions, a subset of these
cells acquire neural morphology and express transcripts and proteins specific to neurons and glia, suggesting their
differentiation along neural lineage. The acquisition of neural properties is regulated by BMP signaling. Neural differentia-
tion of these cells is also observed upon heterotopic transplantation. Investigation of functional differentiation of cells by
electrophysiological analysis reveals properties consistent with the presence of glia that are influenced by extracellular cues.
However, similar analyses coupled with Ca2 imaging suggest an incomplete differentiation of limbal epithelial-derived
neural progenitors into neurons in the condition studied. Our study, therefore, draws attention toward the necessity for
rigorous characterization of transdifferentiation and offers a model for characterizing neural potential of heterologous stem
cells/progenitors. © 2002 Elsevier Science (USA)
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The development of a multicellular organism begins with
a fertilized egg, a totipotent stem cell. As development
progresses, the fertilized egg undergoes several rounds of
division to reach the stage of blastocyst consisting of
trophoblast and inner mass cells. The trophoblast gives rise
to placenta, and the inner mass cells give rise to germ
layer-specific, pluripotent somatic stem cells. The potential
of somatic stem cells is gradually restricted, such that they
become lineage-specific and give rise to multipotent stem
cells, belonging to a particular tissue. Recent studies sug-
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All rights reserved.gest that tissue-specific stem cells possess much wider
potential than previously thought, which can encompass
heterologous lineages (Anderson, 2001; Anderson et al.,
2001; Morrison, 2001). For example, neural stem cells have
been reported to generate blood cells (Bjornson et al., 1999)
and skeletal muscle (Galli et al., 2000), and in one case,
have been found differentiated into cells belonging to all
three germ layers when transplanted in early embryos
(Clarke et al., 2000). Similarly, cells from mouse bone
marrow have been observed to give rise to neural cells
(Kopen et al., 1999; Sanchez-Ramos et al., 2000; Woodbury
et al., 2000), skeletal muscle cells (Ferrari et al., 1998), and
hepatocytes (Lagasse et al., 2000). More recently, skin stem
cells have been reported to display neural potential in vitro
(Toma et al., 2001).
317
The unanticipated heterologous potential of tissue-
specific stem cells/progenitors has initiated a debate about
the classification of stem cells based on embryological
patterning and about the mechanism that allows the cross-
boundaries differentiation (Anderson, 2001; Morrison,
2001; Ahmad, 2001). For example, for neural stem cells to
differentiate into blood cells entails erasing their patterning
information acquired during development and being repro-
grammed to give rise to cells of non-ectodermal and non-
neural origin. It is not clear whether stem cells that dem-
onstrate heterologous potential are inherently plastic to
cross boundaries of lineage or lose their germ-layer identity
due to prolonged exposure to mitogens in culture. It is not
known whether the heterologous potential is a property of
only a subset or the majority of stem cells in question. Also,
in most of the cases, it is not clear whether the stem cells
have functionally differentiated into cells of heterologous
lineage.
To address issues related to the phenomenon of transdif-
ferentiation, we have begun analyzing the potential of stem
FIG. 1. Expression of differentiation and progenitor markers in
the adult cornea. Schematic representation (A) and a Nomarski
image (B) of the adult eye show the location of the corneal and
limbal epithelium. Immunohistochemical analysis using antibod-
ies against cytokeratin 3 and progenitor-specific antigens were
carried out on 10-M thick cryosections of the adult rat eye.
Sections were counter-stained with DAPI. Immunoflourescence
staining shows that (1) cytokeratin 3, K3, which is expressed
throughout the thickness of the corneal epithelium (C, D) is absent
from the basal layer of the limbal epithelium (E, F). (2) -Enolase (G,
H) and Pax6 (I, J) are expressed in the basal limbal epithelium. (4)
Expression of Notch1 (K, L) and nestin (M, N) is not detected in the
limbal epithelium. *, blood vessels. Magnification, 200. FIG. 2. Proliferation of limbal-cells in vitro. A subset of cells from
the limbal epithelium proliferates to generate spheres of cells over
2-7 days in vitro, in the presence of EGF (A), FGF2 (B), or
EGFFGF2 (C). Limbal stromal cells when cultured separately in
the presence of EGFFGF2 do not give rise to spheres (inset).
Spheres derived from the limbal epithelium contain cells that
express receptors for EGF (D, E) and FGF (F, G). To determine the
clonal generation of spheres, limbal cells, isolated from the green
mice and non-green mice, were mixed and cultured in the presence
of EGFFGF2. Spheres of only green (H, I, arrow) or non-green (J, K,
arrow) cells are obtained, suggesting clonal generation of spheres.
Graph (L) represents the relative number of limbal clones generated
in different mitogens conditions. *, P  0.001. (A–D), (F), (H), and
J are Nomarski images. Magnification: 200 (A–C); 400 (D–K).
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cells to give rise to cells of heterologous lineage within the
same germ layer. Here, we report the neural potential of
cells isolated from the limbal epithelium of the adult
cornea. Limbal epithelium, which, like the neuroepithe-
lium, is ectodermally derived, participates in the regenera-
tion of cornea throughout life (Cotsarelis et al., 1989;
Pellegrini et al., 1999; Schermer et al., 1986). We have
observed that limbal epithelial cells, when removed from
their niche and cultured in the presence of mitogens, begin
to express neural progenitor markers. These cells first
express Notch1 and subsequently a subset of Notch1-
positive cells acquires the expression of neuroectodermal
stem cell marker, nestin. Based on the self-renewal prop-
erty, it is likely that the nestin-positive progenitors are
derived from limbal stem cells rather than transit-
amplifying (TA) cells that have limited proliferating poten-
tial. In differentiation conditions and upon heterotopic
transplantation, these cells express neuronal- and glial-
specific markers suggesting their differentiation along neu-
ral lineage. The acquisition of neural properties by limbal
epithelial cells is regulated by BMP signaling. Investigation
of functional differentiation of cells by electrophysiological
analysis reveals properties consistent with the presence of
glia that are influenced by extracellular cues. However,
similar analyses coupled with Ca2 imaging suggest an
incomplete differentiation of limbal epithelial-derived neu-
ral progenitors into neurons in the condition studied. Our
study, therefore, draws attention toward the necessity for
rigorous characterization of transdifferentiation and offers a
model for characterizing neural potential of heterologous
stem cells/progenitors that may shed light on their biology
as well as on their therapeutic potential.
MATERIALS AND METHODS
Limbal cell culture. Eyes of adult Sprague–Dawley rats (Sasco)
were enucleated in Hank’s balanced salt solution. The entire
cornea was removed by circular incision below the limbus. The
limbal region was dissected away from the peripheral cornea and
cut into small pieces. Tissues were incubated first in 0.05% trypsin
(Sigma) and then in 78 U/ml of collagenase (Sigma) and 38 U/ml of
hyaluronidase (Sigma) at 37°C for 27 and 30 min, respectively.
Tissues were dissociated into single cells by trituration. Dissoci-
ated cells were cultured in DMEM:F12 supplemented with 1 N2
supplement (Gibco), 20 ng/ml of EGF (Collaborative Research) and
10 ng/ml of FGF2 (Collaborative Research) at a density of 105
cells/cm2. To investigate the role of BMP signaling, cell cultures
were carried out as described in the presence of 20 ng/ml of BMP4
(R&D Systems) and/or 100 ng/ml of Noggin (R&D Systems). After
a week in culture, floating spheres of cells were plated on glass
coverslips coated with poly-D-lysine and laminin. Cells were
treated with 10 M/ml of BrdU (Sigma) overnight before fixation.
FIG. 3. Cells in the limbal clones express neural progenitor
markers. BrdU-exposed limbal clones, cultured in EGFFGF2,
were subjected to double immunocytochemical analysis using anti
BrdU and antibodies against -enolase (A–C), Pax6 (D–F), Notch1
(G–I), nestin (J–L), and Mash1 (insets). Graph (H) demonstrates the
relative proportions of BrdU-positive cells expressing progenitor-
specific markers in primary and secondary clones. *, P  0.005. (A,
D, G, and J) Nomarski images. Magnification: 200.
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Medium was changed every other day. To promote differentiation,
1% fetal bovine serum (Gibco) was added to the medium and
culture was continued for 5–7 days before fixation with 4%
paraformaldehyde for 15 min at 4°C. For electrophysiological
analysis of differentiation, clones were cultured in 1 ng/ml of
BDNF (Collaborative Research), 10 ng/ml of CNTF (Collaborative
Research), and 106 M of all trans retinoic acid (RA) (Sigma). For the
analysis of clonal derivation of spheres of cells, limbal dissociates
were obtained from the eyes of the green mice (Okabe et al., 1997)
and C57 mice, mixed, and cultured for 7 days as described above.
To obtain secondary clones, spheres of cells (primary clone) ob-
tained from the limbal epithelium were dissociated into single cells
by incubation in 0.05% trypsin–EDTA solution for 10 min at 37°C.
Dissociates were cultured at a density of 30–50 cells/cm2 as
described.
Immunofluorescence analysis. Immunohistochemical analy-
ses were carried out on fresh frozen sections of the eye as previ-
ously described (Ahmad et al., 1995). Briefly, cryostat sections of 10
M were incubated with antibodies against cytokeratin 3 and
cytokeratin 4 (Biogenesis), Notch1 (Ahmad et al., 1997), -enolase
(Zieske et al., 1992), Pax6 (Developmental Studies Hybrodoma
Bank), and nestin (Lendahl et al., 1990) in blocking serum overnight
at 4°C. The antibody–antigen complexes were identified by incu-
bation in species-specific IgG conjugated to CY3 (The Jackson
Laboratory). Sections were counterstained with DAPI before ex-
amination with epifluorescence. Immunocytochemical analyses
were carried out as previously described (Ahmad et al., 1999).
Briefly, cells were incubated with specific antibodies [Map2
(Chemicon), Nfl (Sigma), -tubulin (Sigma), O4 (Chemicon), GFAP
(Sigma), EGFR (Research Diagnostics Inc.), FGFR1 (Research Diag-
nostics Inc.), Calbindin (Sigma), cytokeratin 3 (Biogenesis), Mash1
(Ahmad et al., 1998)] in blocking serum overnight at 4°C. Follow-
ing incubation in species-specific IgG antibodies (IgM in the case of
O4) conjugated to CY3, incorporation of BrdU was detected by
using anti-BrdU. Double immunocytochemical staining was car-
ried out by simultaneously incubating cells with antibodies against
specific antigens at 4°C overnight followed by simultaneous incu-
bation in species-specific IgG coupled to CY3 and FITC. For triple
staining, following an extensive wash, cells were incubated with
O4. Cells were examined with epifluorescence following incuba-
tion in mouse IgM coupled to AMCA. Images were captured by a
CCD cool digital camera (Princeton Instruments) using image-
capturing softwares (IP lab and OpenLab).
RT-PCR analysis. Isolation of total RNA from cells and syn-
thesis of cDNA were carried out as previously described (Ahmad et
al., 1995). Two microliters of cDNA per time point were amplified
by using the forward and reverse gene-specific primers using step
cycles (denaturing for 30 s at 94°C; annealing for 40 s at 56°C,
extension for 45 s at 72°C for 30 cycles). PCR products were
resolved on 1.5% agarose gel. The gene-specific primers shown in
Table 1 were used.
Electrophysiological analysis. For electrophysiological and
Ca2 imaging studies, cells were plated on coverslips, placed in a
chamber, and perfused on the stage of an upright, fixed-stage
microscope (Olympus BHWI for electrophysiology; Nikon E600FN
for imaging experiments) with an oxygenated solution containing
(in mM): NaCl, 140; KCl, 5; CaCl2, 2; MgCl2, 1; Hepes, 10; glucose,
10 (pH 7.4). Experiments were performed at room temperature.
Whole cell patch pipettes were pulled on a Narishige PB-7 vertical
puller from borosilicate glass pipettes (1.2 mm O.D., 0.95 mm I.D.,
omega dot) and had tips of 1–2 m O.D. with tip resistances of 8–12
M. Pipettes were filled with a solution containing (in mM):
KCH3SO4, 98; KCl, 44; NaCl, 3; Hepes, 5; EGTA, 3 mM; MgCl2, 3;
CaCl2, 1; glucose, 2; Mg-ATP, 1; GTP, 1; and reduced glutathione,
1 (pH 7.2). For imaging experiments, cells were incubated for 45
min in Fura-2/AM (10 M; Molecular Probes) plus Pluronic F127
(10 M). After loading, cells were rinsed (1 ml/min) for 30 min by
perfusion with the bathing solution described above. Test solutions
were applied by bath perfusion. Cells were viewed through a 60
water-immersion objective (Nikon, 1.0 NA) and fluorescence was
stimulated with a 150-W Xenon lamp attached to the microscope
epifluorescence port via liquid light guide (Sutter Instruments), and
excitation wavelengths (340 or 380 nm) were changed with a filter
wheel (Lambda 10-2; Sutter Instruments). Fluorescence changes
were monitored with a cooled CCD camera (SensiCam; Cooke
Corp.) using Axon Imaging Workbench software. Images were
acquired every 5–10 s by using 1  1 binning with 0.5–1 s
acquisition times. Determination of intracellular Ca2 concentra-
TABLE 1
Genes Primer sequence Product size (bp) GenBank Accession No.
Map2 Forward: 5-CGGACACAAGTAAAACTCCCCCAG-3 329 X54100, M38462
Reverse: 5-GTCAAACTGTTTCCTTCCCATC-3
PLP Forward: 5-TGGCGACTACAAGACCACCATC-3 268 NM030990
Reverse: 5-AGGGAAGGCAATAGACTGGCAG-3
GFAP Forward: 5-ACATCGAGATCGCCACCTAC-3 166 NM017009
Reverse: 5-ATCTCCACGGTCTTCACCAC-3
Forward: 5-ATCTGGAGAGGAAGGTTGAGTCG-3 310
Reverse: 5-TGGCGGCGATAGTCATTAGC-3
Nfl Forward: 5-GCAGGACACAATCAACAAACTGG-3 348 NM031783
Reverse: 5-GCTTTCGTAGCCTCAATGGTCTC-3
-Enolase Forward: 5-TCCGAGACAATGATAAGACC-3 420 NM012554
Reverse: 5-AAACCTCTGCTCCAATGC-3
Nestin Forward: 5-TGGAGCAGGAGAAGCAAGGTCTAC-3 295 NM012987
Reverse: 5-TCAAGGGTATTAGGCAAGGGGG-3
-Actin Forward: 5-GTGGGGCGCCCCAGGCACCA-3 543 XM037235
Reverse: 5-CTCCTTAATGTCACGCACGATTTC-3
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tions was performed by using the ratiometric method of Gryn-
kiewicz et al. (1985) with the dye Fura-2. Keff, Rmax, and Rmin were
determined by using micropipettes filled with 10 M Fura-2
pentapotassium salt (Molecular Probes) in solutions containing
various concentrations of Ca2 from 0 to 1.8 mM Ca2.
Transplantation and brain slice culture. Transplantation of
primary clones obtained from the GFP mice was carried out as
previously described (Vicario-Abejon et al., 1995). Briefly, to im-
plant cells in the hippocampus of the PN2 rat pups (n  4), animals
were anesthetized by hypothermia. Each animal was placed on a
miniaturized hypothermic stereotaxic instrument (Stoelting Co.).
A hole was drilled in the skull by using a dental burr at 1.7 mm
lateral to midline and 1.2 mm posterior to bregma. A pulled glass
pipette with an external diameter of 70 m was placed 1.4 mm
below dura to deliver 0.5 l of cell suspension over a period of 2
min. The surgical area was cleaned and the incision was closed
with Superglue. The animal was revived on a 37°C heating pad and
returned to its mother. The next day, the pup was sacrificed and the
brain was removed in ice-cold HBSS. The brain was covered with
3% low melting agarose placed on a filter paper over ice. Sections
(300 m) were cut coronally, rostral and caudal to the site of
injection, by using a mechanical tissue chopper (Stoelting Co.). The
slices were picked up by a fine brush and placed in a six-well plate
on millicell filter (Millipore). Slices were covered with a film of
DMEM:F12 containing 1 N2 supplement and 10% FBS. The
culture was analyzed under the inverted microscope (Leica) fitted
with a digital camera to locate the graft and record the migration of
cells. Cultures were continued for 7–14 days. At the end of the
culture, slices were fixed in 4% paraformldehyde for 2 h at 4°C and
cryoprotected overnight. Cryosections (10 m) were used for im-
munohistochemistry.
RESULTS
Limbal epithelium harbor undifferentiated cells. It has
been observed that the limbus of adult cornea harbors cells
that are slow cycling and display properties of stem cells
(Cotsarelis et al., 1989; Lehrer et al., 1998). These cells are
located in the basal region of the limbal epithelium, be-
tween the peripheral cornea and conjunctiva (Figs. 1A and
1B). To know the state of differentiation of limbal epithelial
cells and whether or not they possess properties of neural
progenitors in vivo, we carried out immunohistochemical
analyses of the anterior segment of the adult rat eye. First,
we analyzed the expression of cytokeratin 3 as markers of
differentiated cells (Figs. 1C and 1D). The basal cells in the
limbus did not express cytokeratin 3 (Figs. 1E and 1F), a
corneal epithelial marker (Elder et al., 1997; Schermer et al.,
1986), confirming their undifferentiated nature. Second, we
analyzed the expression of markers that are expressed in
limbal and neural progenitors. We observed that the basal
cells of the limbal epithelium expressed -enolase (Figs. 1G
and 1H), one of the metabolic enzymes that is preferentially
localized in the basal limbal epithelium (Zieske, 1994;
Zieske et al., 1992). In addition, they expressed Pax6 (Figs.
1I and 1J) as previously reported (Koroma et al., 1997).
Expression of both Notch1 (Figs. 1K and 1L) and nestin
(Figs. 1M and 1N), however, was not detected either in the
limbal or corneal epithelium. Similarly, expression of neu-
ral markers, -tubulin and GFAP, was not detected in the
entire corneal epithelium (data not shown).
Limbal cells proliferate and generate clones of cells in
vitro. We analyzed the proliferation of limbal cells in the
presence of mitogens as a first step toward understanding
the potential of these cells when removed from their in vivo
niche. We used EGF and FGF2 or their combinations in the
culture medium because receptors for both EGF and FGF
are expressed in the limbal epithelial cells (Zieske, 1994; Li
and Tseng, 1995). The limbal cells from the adult rat eye
were dissociated and cultured in the presence of EGF/FGF2/
EGFFGF2. Each of these conditions promoted prolifera-
tion of limbal cells and resulted into formation of spheres
(Figs. 2A–2C) that consisted of cells expressing receptors for
EGF (Figs. 2D and 2E) and bFGF (Figs. 2F and 2G). In order
to determine the source of cells that give rise to spheres,
cell dissociates from limbal stroma and epithelium were
cultured separately in the presence of EGF and FGF2.
Stromal cells did not give rise to spheres, suggesting that
cells giving rise to spheres belong to limbal epithelium (Fig.
2C, inset). To investigate whether the generation of spheres
is clonal or due to the aggregation of dissociated cells in
culture, limbal cells were harvested from transgenic mice
(“green mice”) that expressed green fluorescent protein
(GFP) constitutively under the actin promoter (Okabe et al.,
1997). These cells were cocultured with an excess of cells
obtained from non-green mice. If the generation of neuro-
spheres was due to cell aggregation, the resulting neuro-
spheres would be a mix of green and non-green cells. In the
case of clonal generation, resulting neurospheres would
consist entirely of either green cells or non-green cells. In
the coculture experiments, clones were obtained that con-
sisted of either green or non-green cells, suggesting that
individual limbal cells generated clones (Figs. 2H–2K). The
potential of each of the mitogen conditions to generate
clones was different (Fig. 2L). The number of clones gener-
ated in EGF alone were consistently less than those gener-
ated in the presence of FGF2 and EGFFGF2. For subse-
quent analyses, limbal cell culture was carried out in the
presence of EGFFGF2, as this condition generated more
clones.
Limbal cells express neural progenitor markers in vitro.
Next, we wanted to know whether or not proliferating
limbal cells in individual clones displayed characteristics of
neural progenitors. Immunocytochemical analyses were
carried out to determine the expression of Notch 1, a
general marker for uncommitted progenitors (Ahmad et al.,
1997; Artavanis-Tsakonas et al., 1995), nestin (Lendahl et
al., 1990), a neuroectodermal progenitor marker and of
Mash1, a proneural gene (Ahmad et al., 1998). In addition,
the epithelial nature of these cells was evaluated by deter-
mining the expression of -enolase. The majority of cells in
clones were proliferative as they incorporated the nucleo-
tide analogue, BrdU. Subsets of proliferating cells were
identified that expressed -enolase (Figs. 3A–3C), Pax6
(Figs. 3D–3F), Notch1 (Figs. 3G–3I), nestin (Figs. 3J–3L), or
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Mash1 (Figs. 3J–3L, insets). The proportion of BrdU-positive
cells expressing nestin was significantly smaller than those
expressing -enolase; Pax6, or Notch1 [12.88 	 2.61% vs
35.46 	 2.62% (-enolase); vs 46.20 	 4.22% (Pax6); vs
51.71 	 3.98% (Notch1); P  0.005] (Fig. 3M). The propor-
tion of cells expressing Mash1 was similar to those express-
ing nestin (9.95 	 2.33 vs 12.88 	 2.61%). To rule out
neural contamination, RT-PCR was carried out on cell
dissociates of limbal epithelium. Transcripts corresponding
to progenitor markers, nestin or Notch1, and neural mark-
ers, Map2 and GFAP, were not detected, suggesting that the
nestin-positive cells in the culture might not represent
neural contamination (data not shown). Double immuno-
cytochemical analysis was carried out to detect the colo-
calization of progenitor markers in order to understand the
relationship between limbal epithelial cells and neural
progenitors (Fig. 4). The majority (91.35 	 3.41%) of
-enolase-positive cells expressed Notch1 at the end of 5
days in culture, suggesting that the basal limbal cells
acquire competence to express Notch1 in vitro (Figs. 4A–
4D). The fact that a small subset (12.11 	 2.2%) of
-enolase-positive cells expressed nestin (Figs. 4E–4H) and
that the majority of nestin-positive cells (78.18 	 6.67%)
were Notch1-positive (Figs. 4I–4L) suggests that the nestin-
positive cells are likely to be derived from a subpopulation
of -enolase-expressing basal limbal cells that acquired
Notch1 expression. While this and other observations based
on RT-PCR analysis suggest strongly that -enolase ex-
pressing basal limbal cells are the source of neural progeni-
tors, the possibility of contamination cannot be ruled out
entirely. To know whether the proportions of cells express-
ing epithelial and neural progenitors markers changed over
a generation, immunocytochemical analysis was carried on
secondary clones with similar results, except in the case of
cells that expressed nestin (Fig. 3M). The proportion of
proliferating cells that expressed nestin increased almost
twofold (12.88 	 2.61% vs 22.2 	 2.90%; P  0.005) in
secondary clones in comparison to those in the primary
clones, suggesting an influence of passaging on the acqui-
sition of neural potential.
FIG. 4. A subset of -enolase-positive cells expresses nestin that belong to a Notch1-positive subpopulation. Progenitor-markers were
colocalized by using double immunocytochemical analysis to understand the relationship between limbal epithelial cells and neural
progenitors. -Enolase and Notch1 are coexpressed in limbal epithelial cells in vitro (A–D). A subset of -enolase-positive cells express
nestin (E–H), and the majority of cells that express nestin are Notch1-positive (I–L). Few cells are detected that are Notch1-negative and
nestin-positive (inset). (A, E, and I) Nomarski images. Magnification: 200.
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Cultured limbal cells differentiate into cells that express
neural and non-neural markers. To know the neural
potential of putative limbal cell-derived neural progenitors,
we first tested the capacity of these cells to differentiate
into the major cell types found in the CNS (see Figs. 5–7).
Clones of limbal cells were cultured in the presence of 1%
FBS and EGFFGF2 for a period of 5–7 days. With the
addition of serum to the culture, cells in the clones changed
their morphology by 2 DIV. Most had bipolar processes;
however, multipolar cells were also detected in the culture.
Immunocytochemical analyses showed that these cells
expressed Map2 (Figs. 5A–5D), a marker for neurons. Neu-
ronal differentiation was corroborated by analyzing the
expression of additional neuronal markers, neurofilament
(Figs. 5E–5H) and -tubulin (Figs. 5I–5L). To further ascer-
tain neuronal differentiation, we investigated the ability of
FIG. 5. Cells in the limbal clones express neuronal markers in
differentiation condition. Limbal clones, cultured in differentiation
condition (EGFFGF2 and 1% FBS) for 5–7 days, were subjected to
immunocytochemical analysis using antibodies against neuron-
specific markers. Cells were counterstained with DAPI. Subsets of
cells (arrows) are found expressing neuronal markers, Map2 (A–D),
Nfl (E–H), and -tubulin (I–L). Double immunocytochemical anal-
ysis revealed cells coexpressing Map2 and -tubulin (M–P). (A, E, I,
and M) Nomarski images. Magnification: 200 (A–L); 400 (M–P).
FIG. 6. Cells in the limbal clones express glial-markers in differ-
entiation condition. Limbal clones, cultured in differentiation
condition (EGFFGF2 and 1% FBS) for 5–7 days, were subjected to
immunocytochemical analysis by using glia-specific antibodies. Cells
were counterstained with DAPI. Subsets of cells (arrows) are found
expressing astrocytic marker, GFAP (A–D), and oligodendrocytic
marker, O4 (E–H). (A and E) Nomarski images. Magnification: 200.
FIG. 7. Cells in the primary and secondary limbal clones are
multipotent. Limbal clones, cultured in differentiation condition
(EGFFGF2 and 1% FBS) for 5–7 days, were subjected to immuno-
cytochemical or RT-PCR. Graph (A) shows the proportion of cells
expressing cell type-specific markers in primary and secondary
clones in differentiation condition. RT-PCR analysis (B) shows the
detection of transcriptrs corresponding to map2, Nfl, GFAP, and
PLP in limbal clones cultured in differentiation conditions for 5
days. *, 500-bp band in the marker lane. () and () lanes denote
cDNA synthesis reaction with and without reverse transcriptase,
respectively.
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single cells to express multiple neuronal markers using
double immunocytochemical analysis. Cells were observed
that expressed both -tubulin and Map2, confirming their
differentiation along neuronal lineage (Figs. 5M–5P). A
subset of cells expressed GFAP (Figs. 6A–6D), an astrocytic
marker, and O4 (Figs. 6E–6H), a surface antigen expressed
by oligodendrocytes. The proportion of cells expressing
GFAP was relatively greater than those expressing Map2 or
O4 [28.39 	 3.84% vs 18.39 	 3.81% (Map2), P  0.05; vs
0.77 	 0.17% (O4) P  0.001] (Fig. 7A). We also analyzed
the differentiation potential of progenitors in secondary
clones. The proportions of cells expressing neural markers
in differentiation condition were similar in the secondary
clones (Fig. 7A). The differentiation of limbal-derived pro-
genitors into neurons and glia was further corroborated by
RT-PCR analysis. Transcripts corresponding to Map2, neu-
rofilament, GFAP, and PLP (an oligodendrocytic marker)
can be detected in clones in differentiation condition (Fig.
7B). Next, in order to know whether or not single limbal
cells give rise to both neural and non-neural progenies,
clones of limbal cells were examined by using double
immunocytochemical analysis to detect -tubulin and cy-
tokeratin 3. Cells were detected in clones that were either
-tubulin- or cytokeratin 3-positive, suggesting their neu-
ronal and non-neural nature, respectively (Figs. 8A–8D).
The proportion of cells expressing cytokeratin 3 was signifi-
cantly higher than those expressing neuronal marker
-tubulin (14.33 	 2.1% vs 6.68 	 1.2%; P  0.0001). We
were interested in knowing the relationship between limbal
epithelium-derived neural progenitors and cells expressing
neural markers. This was ascertained in two different ways.
First, double immunocytochemical analysis was carried out
to detect the colocalization of nestin and neural markers.
-Tubulin- (Figs. 9A–9D)/GFAP (Figs. 9E–9H)-positive cells
were detected that expressed nestin, suggesting that nestin-
expressing progenitors give rise to neurons and glia. Second,
temporal RT-PCR analysis (Fig. 9I) showed a reciprocal
relationship between nestin and Map2/GFAP transcript
levels, suggesting that neural progenitors downregulate
nestin expression as they differentiate into neurons and
glia. The phenotype composition of individual clones was
ascertained by triple immunocytochemical analysis using
anti-GFAP, anti Map2, and anti-04 (Fig. 10). Although the
progenitors displayed the potential to differentiate into
neurons, astrocytes, and oligodendrocytes, the majority of
clones were bipotent consisting of cells expressing GFAP
and Map2 (NA) (Fig. 5E). The proportion of clones express-
ing all three markers (NAO) was significantly lower
than those with bipotent phenotype (NA), both in the
primary and secondary clones [15.93 	 7.98% vs 66.87 	
10.54%, P  0.005 (primary clone); 15.72 	 6.84% vs
61.45 	 16.07%, P  0.005(secondary clones)]. However, in
the secondary clones, there was a significant increase in the
proportion of multipotent clones (NAO) in comparison
to those in the primary clones (20.74 	 7.61% vs 12.70 	
4.51%; P  0.001), suggesting that with passage the
phenotype composition of clones changes.
The acquisition of neural potential by cultured limbal
cells is regulated by BMP signaling. The increase in the
proportion of nestin-positive cells (Fig. 3M) and multipo-
tent clones (Fig. 10) with passaging suggested the possibility
of epigenetic regulation of neural conversion of the likes
observed during embryonic development of the nervous
system (Weinstein and Hemmati-Brivanlou, 1999). To test
the hypothesis that the epigenetic effect is mediated by
BMP signaling, limbal epithelial cells were cultured in the
presence of increasing concentration of Noggin, a BMP
antagonist, followed by RT-PCR analysis of -enolase and
nestin transcripts (Fig. 11). There was a dose-dependent
increase and decrease in the expression of -enolase and
nestin transcripts, respectively, suggesting that inhibition
of BMP signaling by Noggin promotes the expression of
nestin (Fig. 11A). To ascertain the involvement of BMP
signaling directly, cultures were carried out in the presence
of BMP4 and BMP4 plus Noggin (Fig. 11B). There was a
significant decrease in the proportion of nestin-positive
cells in the presence of BMP4 than in the control (4.84 	
0.82% vs 8.82 	 0.46%; P  0.0001). In contrast, the
proportion of nestin-positive cells increased almost fourfold
when Noggin was added to culture of cells containing
BMP4 (17.40 	 4.75% vs 4.84 	 0.82%; P  0.005). When
cells in the control, BMP4, and BMP4 plus Noggin groups
were allowed to differentiate, the proportion of cells ex-
pressing Map2 immunoreactivity (Fig. 11C) and levels of
Map2 transcripts (Fig. 11D) were higher in BMP4 plus
Noggin group than the rest, suggesting that blocking of
BMP signaling promotes the acquisition of neural potential
by cultured limbal cells.
Cultured limbal cells express neural markers upon het-
erotopic transplantation. Next, we tested the neural po-
tential of cultured limbal cells when transplanted to het-
erotopic sites in the brain of neonatal rats (Fig. 12). Clones
of limbal cells cultured from GFP-mice were dissociated
and xeno-transplanted in the hippocampus of PN2 rats. The
next day, the brain was removed and cut into 300-M-thick
slices, rostrocaudally. The slice containing the grafted cells
was cultured on a membrane for 1 week, followed by
immunocytochemical analyses on cryosections of the brain
slice. The slice culture of brain prevented the potential
rejection of xeno-transplant and allowed visualization of
the migration of grafted cells. Immunocytochemical analy-
ses showed GFP-positive cells expressing -tubulin (Figs.
12A–12D), neurofilament (Figs. 12A–12D, inset), or GFAP
(Figs. 12E–12H) immunoreactivity. The proportion of
grafted cells expressing GFAP was higher than those ex-
pressing -tubulin (10.74 	 2.91% vs 2.081 	 0.61%; P 
0.001). Grafted cells expressing oligodendrocytic markers
were not detected. To determine that the lower efficiency of
neuronal differentiation observed for cultured limbal cells
was not a function of brain slice culture, embryonic hip-
pocampal progenitors were similarly transplanted and their
differentiation was analyzed as a control (Figs. 12I–12L).
Grafted cells expressing calbindin were detected in the host
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hippocampus, suggesting that brain slice culture system did
not compromise differentiation potential of grafted cells.
Physiological characteristics of cultured limbal cells.
Immunocytochemical and RT-PCR analyses suggested that
a subset of cultured limbal cells can differentiate along
neuronal and glial lineage and therefore are multipotent.
We wanted to know whether the differentiated cells dis-
played physiological properties characteristic of neurons
and glia as assessed by using electrophysiological and Ca2
imaging techniques. The results of physiological experi-
ments described below suggest that these cells have not yet
acquired all of the properties of mature neural cells. Whole-
cell patch–clamp recordings were obtained from 44 cells
grown in a number of different culture conditions. We first
recorded from cells that were cultured in EGFFGF21%
FBS (n  11). These cells, many of which displayed neural
morphology, exhibited low input resistance (126.9 	 55.2
M), linear current/voltage relationships, and membrane
potentials averaging 50.1 	 3.8 mV, properties that are
uncharacteristic of mature neurons or glia. In order to
promote functional differentiation, clones were cultured in
the presence of CNTFBDNFRA or CNTFBDNF. The
largest number of recordings (n  16) was performed on
cells grown in CNTBDNFRA. In this condition, cells
were readily detected displaying morphological and anti-
genic characteristics of neurons (Figs. 13A and 13B) and glia
(Figs. 13C and 13D). Recordings from two such cells (Figs.
13E and 13F) are illustrated. The overlaid current traces
produced by a series of 20-mV voltage steps (150 ms) are
displayed in Figs. 13G and 13H. The bottom panels (Figs.
13I and 13J) show the steady state current/voltage relation-
ships for the two cells. The cell in the left column showed
strong inward rectification below 75 mV and a slowly
activating outward current above 5 mV. The cell at the
right illustrates the most commonly encountered electro-
physiological phenotype. This cell had a low input resis-
tance and fairly linear current/voltage relationship but with
modest inward rectification below 75 mV. The resting
membrane potentials of cells cultured in CNTF
BDNFRA averaged 63.5 	 3.1 mV and the maximum
input resistance averaged 189.2 	 83.5 M (range 20–1404
M). Cells cultured in CNTFBDNF (n  5) also exhibited
relatively low input resistance (146.4 	 60.0 M), linear or
modestly inwardly rectifying current/voltage relationships,
and resting membrane potentials averaging 62.4 	 3.2
mV. No cell tested in any condition showed fast inward
currents in voltage clamp or fast action potentials in cur-
rent clamp consistent with the presence of voltage-
dependent Na channels. Rapidly inactivating outward
(“A-type”) currents were also never observed. In contrast to
cells grown in differentiating conditions, cells grown in the
presence of EGFFGF2 most often exhibited a current
voltage relationship dominated by outwardly rectifying
currents with small inwardly rectifying currents (7 of 11
cells), high input resistance (837.9 	 334.3 M), and rela-
tively depolarized membrane potentials (34.5 	 3.6 mV).
For Ca2 image analysis, cells were loaded with the
Ca2-sensitive dye Fura-2 and their responses to high K
solutions (140 mM), kainic acid (30 M), and NMDA (100
M in the presence of 0 Mg2 and 0.1 mM glycine) were
tested. Cells in differentiating conditions consistently ex-
hibited small [Ca2]i increases in response to high K
solution (bFGF/EGF/FBS, 
[Ca2]i  22.1	 1.9 nM, n  42;
CNTF/BDNF/RA, 
[Ca2]i  21.1	 9.6 nM, n  34) but no
cell showed a detectable response to either of the glutamate
agonists. The finding of K-stimulated [Ca2]i increases is
consistent with whole-cell recordings from two cells cul-
tured in CNTF/BDNF/RA that showed sustained inward
currents activated at positive potentials and long-lasting
spikes in current clamp. Cells in bFGF/EGF showed smaller
[Ca2]i increases to high K (
[Ca2]i  9.1	 2.8 nM, n  7)
and no detectable response to either glutamate agonist.
DISCUSSION
Corneal epithelium, like other surface epithelium, is
renewed throughout the life of the animal. The source of
cells that participate in the regeneration of cornea is the
limbal epithelium, a narrow region between the conjuncti-
val and corneal epithelium. Several lines of evidence sug-
gest that cells in the basal layer of the limbal epithelium are
stem cells (Cotsarelis et al., 1989; Lehrer et al., 1998;
Pellegrini et al., 1999; Schermer et al., 1986). First, these
cells are slow cycling. Second, they do not express cytoker-
atin 3, the differentiation marker for corneal keratinocytes.
Third, they have higher proliferative capacity and longer
life span than cells of the central cornea. Fourth, limbal
transplantation regenerates corneal epithelium. Our hy-
pothesis that corneal limbal cells possess neural potential
was based on the fact that both limbal and neural stem cells
are ectodermal derivatives and that limbal stem cells may
possess vestigial neural potential because the neural fate of
the embryonic ectoderm is a default pathway (Weinstein
and Hemmati-Brivanlou, 1999). In addition, corneal epithe-
lium shares expression of regulatory genes such as Hox 8.1
and Pax6 with neural epithelium (Monaghan et al., 1991;
Koroma et al., 1997). Consistent with the hypothesis, our
results show that cells isolated from limbal epithelium
proliferate in the presence of mitogens and a subset of them
displays neural potential. The neural potential may be
acquired in vitro because limbal epithelial cells do not
express nestin and Notch1 until they are cultured in the
presence of mitogens. The limbal cell-derived neural pro-
genitors are multipotent, and their ability to differentiate
along neural lineages is regulated by extracellular cues as
suggested by the relative difference in the efficiency of
differentiation in vitro and upon transplantation. In addi-
tion, the influence of BMP signaling on neural potential
suggests that the extracellular environment may play an
important role in regulating the differentiation of these
cells along neural lineages.
It is probable that progenitors with neural potential are
derived from limbal stem cells. This notion is supported by
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observations that neural progenitors can self renew. It has
been previously shown that serially cultivable large clones
from limbal dissociates are derived from stem cells (Lehrer
et al., 1998; Pellegrini et al., 1999). In addition, these cells
in the clones express -enolase, a putative limbal stem cell
marker (Zieske et al., 1992). However, the presence of
cytokeratin 3-expressing cells in clones suggests the possi-
bility of neural progenitors being derived from transit-
amplifying (TA) cells. TA cells are derived from limbal stem
cells. These cells have limited proliferative capacity that
subsequently decreases as they migrate toward the central
cornea, where they differentiate into corneal epithelial cells
(Lehrer et al., 1998). Transdifferentiation of TA cells along
a heterologous lineage is not without precedence. It has
been reported that TA cells of the central cornea under the
influence of dermal stimuli can give rise to cells of dermal
origin (Ferraris et al., 2000). Therefore, we cannot rule out
the possibility that TA cells from the limbal region or
present as a contaminant from the peripheral cornea in the
limbal dissociates are the source of neural progenitors.
However, the fact that limbal clones with neural progeni-
tors can be serially cultivated argues against TA-derived
neural progenitors because TA cells cannot be serially
cloned as they have limited proliferative capacity (Pelle-
grini et al., 1999). Therefore, an alternative hypothesis
based on the asymmetrical division of limbal stem cell is
worth considering. It is likely that the asymmetrical divi-
sion of cultured limbal stem cells results in two different
daughter cells, one that differentiates into TA cells and the
other that remains self-renewing stem cells. A subset of
these stem cells prefers not to differentiate along TA cells
lineage and instead, express nestin and differentiate into
neurons or glia (Fig. 14).
The generation of neural progenitors may arise from
transdifferentiation or reprogramming of limbal stem cells.
Several examples of transdifferentiation of stem cells into
cells of heterologous lineage have been reported. Progeni-
tors from the adult bone marrow have been observed to
acquire neural potential in vitro (Sanchez-Ramos et al.,
2000; Woodbury et al., 2000) and upon transplantation
(Kopen et al., 1999). In the context of the brain, committed
oligodendrocytic precursors have been reported to convert
into neurons (Kondo et al., 2000). Similarly, the neural
differentiation of progenitors isolated from the pigmented
portion of the adult ciliary epithelium may also be a result
of reprogramming (Ahmad et al., 2000; Tropepe et al.,
2000). More recently, transdifferentiation of another type of
stratified epithelium, the epidermis, into neural cells has
been reported (Toma et al., 2001). Reprogramming is not
the only mechanism by which progenitors from the limbal
epithelium may acquire neural potential. Another mecha-
FIG. 8. Single limbal cells generate both neuronal and non-neural
cells. Clones of limbal cells were subjected to double immunocy-
tochemical analysis to examine the neuronal and non-neural
nature of the progenies. Cells were detected expressing either
cytokeratin 3, a non-neural marker or -tubulin, a neuronal
marker. (A) A Nomarski image. Magnification: 200.
FIG. 9. Nestin-expressing progenitors give rise to -tubulin and
GFAP-positive cells. Nestin and -tubulim/GFAP were colocalized
by using double immunocytochemical analysis to understand the
relationship between neural progenitors and neurons and glia.
Nestin-positive cells are observed that express -tubulin- (A–D)
and GFAP- (F–H) immunoreactivities in differentiation condition.
(A and E) Nomarski images. Magnification: 200. Temporal RT-
PCR analysis shows that levels of transcripts corresponding to
Map2 and GFAP increase and those of nestin decrease with the
time in differentiation condition (I).
326 Zhao et al.
© 2002 Elsevier Science (USA). All rights reserved.
nism, the ex vivo disinhibition of limbal progenitors from
the anti-neuralizing influence, may also be involved. This
notion is supported by our observation that inhibition of
BMP signaling promotes neural potential in cultured limbal
stem cells. The fact that BMP signaling has been shown to
be a positive regulator of epidermal versus neural fates
(Wilson and Hemmati-Brivalou, 1999; Weinstein and
Hemmati-Brivanlou, 1999) and that BMPs (BMP2 and
BMP4) and their recptors are expressed in adult corneal
epithelium (Mohan et al., 1998) suggests that limbal stem
cells may possess default neural potential that is suppressed
in vivo by BMP signaling. Therefore, it is likely that
culturing of limbal dissociates dilutes the effect of BMPs
allowing a subset of the progenitors to display their default
potential, i.e., to differentiate along neural lineage. This
notion is further supported by our observations that in
subsequent passages the proportion of cells that expressed
nestin (Fig. 3M) and those that acquire neural phenotype
(Figure 8, NAO phenotype) increases, presumably as the
effect of BMPs is progressively diluted. Whether the mecha-
nism(s) for acquiring neural potential is reprogramming or
disinhibition or both, the process is likely to begin with the
activation of Notch signaling in a subset of cells as sug-
gested by the upregulation of Notch1 gene in vitro (Fig. 14).
The activation of Notch1 gene may be in response to
mitogens because both EGF and FGF2 have been implicated
in activation of Notch signaling in neural progenitors
(Ahmad et al., 1998; Faux et al., 2001). It is likely that the
subset of limbal epithelial cells (-enolase positive) in
which Notch signaling is activated gives rise to nestin-
positive cells. This concept is based on the observation that
nestin positive cells express -enolase and represent a
subpopulation of Notch1-positive cells and that the expres-
sion of Notch1 precedes that of nestin in vitro (data not
shown). The differentiation of Notch1- and nestin-positive
progenitors may involve a transitory post-mitotic stage
where Notch1 is downregulated. This transitory stage is
FIG. 10. Phenotype composition of limbal clones in differentia-
tion condition. Triple immunocytochemical analysis was carried
out on limbal clones cultured in differentiation conditions for 5
days. Graph shows the phenotype-composition of primary and
secondary clones in differentiation conditions. *, P  0.001.
FIG. 11. The acquisition of neural properties by cultured limbal
cells is regulated by BMP signaling. Limbal cells were cultured
in the increasing concentration of Noggin, a BMP antagonist,
and levels of a -enolase and nestin transcripts were analyzed
by RT-PCR. Levels of -enolase and nestin transcripts
decreased and increased, respectively, with the increase in
Noggin concentration (A, B). Limbal epithelial cells were cul-
tured in the presence of mitogens (control), or containing in
addition BMP4 or BMP4Noggin and proportion of cells express-
ing nestin was determined immunocytochemically (c). There
was significant decrease (*, P  0.0001) in cells expressing
nestin in BMP-4, whereas their proportion increased (**, P 
0.005) when Noggin was included in the culture. Cells main-
tained in each of the groups mentioned above were cultured for
5 days in differentiation condition. Map2 expression was
analyzed immunocytochemically (C), and by RT-PCR (D).
There was a significant decrease (*, P  0.0001) and increase
(**, P  0.0001) in the proportion of cells expressing map2 im-
munoreactivity in differentiation condition in the presence
of BMP4 and Noggin, respectively. The levels of Map2 tran-
scripts showed similar modulation in different culture condi-
tions.
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characterized by precursors that do not express Notch1 but
are nestin-positive (Fig. 4). These cells do not incorporate
BrdU, suggesting their nonproliferative nature, and few of
those express neural markers in addition to nestin, suggest-
ing their immature nature (data not shown).
Our study sheds light on the efficiency and fidelity of
neural conversion of heterologous stem cells/progenitors.
This information is important, from the viewpoints of both
stem cell biology and stem cell therapy. We observed that,
although neural progenitors can be derived from limbal
cells, the efficiency of differentiation is rather limited. In
our study, only a small proportion of proliferating cells
showed neural potential and most of those preferred to
differentiate along glial lineage. However, the efficiency of
neural conversion may be improved as suggested by a
significant increase in nestin-positive cells by passaging or
in response to a decrease in BMP signaling. So far, the
restriction along glial lineage is concerned. This may be due
to the fact that limbal cells were cultured in the presence of
EGF that has been observed to promote proliferation of
glial-restricted progenitors (Kuhn et al., 1997). Therefore, it
is likely that the presence of EGF in the culture led to
expansion of progenitors restricted to give rise to astrocytes.
Alternatively, preferential glial differentiation can also be
attributed to Notch signaling, keeping in view recent re-
ports that activation of Notch signaling promotes glial
differentiation in certain instances (Furukawa et al., 2000;
Gaiano et al., 2000). With regards to the fidelity of neural
conversion, we observed that neural differentiation in the
given condition is rather incomplete. While differentiated
cells can be recognized as neurons and glia based on their
morphology and expression of lineage-specific markers,
physiological analyses revealed that they are functionally
immature. In differentiating conditions, the most com-
monly encountered electrophysiological phenotype was
one with low input resistance, modest inward rectification
at negative potentials, and relatively negative resting poten-
tials. These characteristics are more similar to cells ap-
proaching the phenotype of glial Mu¨ller cells of the retina
(Newman and Reichenbach, 1996) than to corneal epithelial
cells which, in rabbit and human, are dominated by out-
wardly rectifying currents with only small inwardly recti-
fying currents (Bockman et al., 1998; Rae and Farrugia,
1992; Rae and Shepard, 2000). Although many recordings in
the present study were targeted toward neuron-like cells
with small cell bodies and fine processes, voltage-
FIG. 12. Limbal cells transplanted in the forebrain express neural markers. Cultured limbal cells isolated from the green mice were
transplanted in the forebrain of PN2 rats. Next day the animal was sacrificed and brain slices (300 M) containing the graft were cultured
for 7 days. Immunohistochemical analysis carried out on cryostat sections (10 M) of brain slices reveals transplanted cells, expressing
-tubulin (A–D), neurofilament (A–D, insets) or GFAP (E–H). Cultured hippocampal progenitors obtained from E18 green mice embryos
were transplanted as described. Immunohistochemical analysis reveals transplanted cells expressing calbindin (I–L). Magnification: 400
(A–D, I–L); 200 (E–H).
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dependent Na currents or rapidly inactivating outward (“A
type”) currents were not encountered in cells grown in
differentiating conditions. And although depolarization
with high K consistently stimulated increases in [Ca2]i
measured with Ca2 imaging techniques, KA or NMDA
failed to evoke detectable increases in [Ca2]i in 78 cells,
indicating that they possessed too few ionotropic glutamate
receptors to produce a sufficient depolarization to stimulate
Ca2 influx. Thus, despite the presence of neuronal markers
and distinct morphological features, physiological charac-
teristics typical of mature neurons were not observed. This
observation suggests two possibilities that are not mutually
exclusive. First, the in vitro condition used in our experi-
ment is not conducive for functional differentiation of
neurons and second, the proportion of functionally matured
neurons is exceedingly low in these cultures. The next step
FIG. 13. Electrophysiological characteristics of cultured limbal cells. Cells in the culture condition display morphological and antigenic
characteristics of neurons (A, B) and glia (C, D). (E and F) Pictures of two cells subjected to electrophysiological analysis. (B and E) Overlaid
current traces evoked by a series of 20-mV steps (150 ms). (C and F) Steady state current/voltage plots for both cells corrected for access
resistance. Cells were voltage clamped at 60 mV. Maximum Rin produced by a step in the tested voltage range was 328 M for the cell
at left and 67 M for the cell at right. Resting Em was 60 mV for the cell at left and 68 mV for the cell at right.
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is to identify conditions that will promote functional matu-
ration of differentiated neurons and glia.
Taken together, our results suggest that the corneal
limbal epithelium can be a valuable model system for
studying the neural potential of a non-neural stem cells/
progenitors. It can be used to investigate the underlying
mechanisms of transdifferentiation and to identify condi-
tions that can optimize neural conversion and allow func-
tional differentiation. This information is essential to re-
visit the lineage of tissue-specific stem cells and whether
neural progenitors derived from heterologous sources were
to be used for stem cell-therapy (Anderson et al., 2001). The
significance of limbal epithelium derived neural progeni-
tors in this regard cannot be underestimated. Keeping in
view the fact that in vitro expanded limbal cells, obtained
from a healthy eye, have been successfully used to treat
corneal diseases and injury (Schwab and Isseroff, 2001),
limbal epithelium may serve as an accessible source of
neural progenitors for autologous stem cell therapy to treat
neurodegenerative changes.
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